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Obesi ty rates among children and adolescents with physical disabilities are 38% higher than those in age-matched nondisabled peers. 1 In addition to cardiometabolic comorbidities including type 2 diabetes and hyperlipidemia that can affect all obese adolescents, obese adolescents with physical disabilities are also at increased risk of secondary conditions including pain, fatigue, and depression. 2Y5 The social, physical, and mental health issues that many children with physical disabilities are already exposed to are further compromised by the additional health condition of obesity. Chronic and secondary conditions associated with obesity in children with disabilities have the potential to undermine physical independence and community mobility and, as children transition into adolescence and adulthood, may incur substantial health care costs to treat and manage these conditions. Children and youth with limitations in balance, strength, coordination, power, and aerobic fitness have a difficult time keeping up with their peers and the lack of success increases the risk of sedentary behavior. 6, 7 Accurate estimation of body composition is important for identifying children and adolescents at risk for being obese and for determining the efficacy and effectiveness of weight management programs. Assessment of adiposity is particularly important in adolescents, as research indicates that obesity during this stage of development is associated with obesity and obesityrelated health complications in adulthood. 8Y12 Longitudinal studies demonstrate that approximately 40% of overweight children will be obese as adults, and by age 15Y17 yrs, an obese adolescent is 17.5 times more likely to become an obese adult than a nonoverweight adolescent. 13Y15 Obesityrelated conditions in adulthood are also associated with duration and severity of obesity, with those children developing obesity earlier in life, and those in the highest obesity categories having greater risks. 16, 17 The validation of simple, low-cost methods of assessing obesity in this group is of great importance for routine clinical evaluation of obesity risk and for timely identification of preventive strategies in this high-risk group.
Direct measures of body composition such as underwater weighing, magnetic resonance imaging, computed axial tomography, and dual-energy X-ray absorptiometry (DXA) provide highly accurate assessments of body composition, but their costs and complexity make them unsuitable for use in clinical practice or epidemiologic studies. As a result, surrogate measures such as body mass index (BMI) are commonly used for estimating adiposity in clinical settings. Standard criteria for Boverweight[ or Bobesity[ in youth is defined as a BMI greater than or equal to the 85th (overweight) or 95th percentile (obesity). 18 BMI percentiles are used to classify overweight and obesity in pediatric populations because of the wide variance in body composition with age and sex. Rather than using one defined cut point as is customary in adults (i.e., overweight Q25 kg/m 2 , obese Q30 kg/m 2 ), age-and sex-specific percentiles are used. These percentiles are based on current Centers for Disease Control and Prevention growth charts. Despite the advantages of BMI as a simple, cost-free measure of adiposity for the general population, evidence indicates that it may not accurately estimate adiposity in youth with physical disabilities. 19, 20 In adolescents with some form of paralysis or paresis, there are significant alterations in body composition. 21 Therefore, the cut point of BMI used to identify obesity in the general population may not be appropriate for patients with physical disability who have proportions of lean, fat, and bone tissue that vary considerably from the norm. 21 Spungen et al. 22 found that adults with spinal cord injury (SCI) demonstrated significantly less lean tissue and more adipose tissue for any given age compared with nondisabled control subjects, and for those with BMI levels in the normal range, they had higher total fat mass and higher body fat percentages than nondisabled populations.
To account for the underestimation of body fat by BMI in individuals with disabilities, some researchers have proposed the development of disability-specific cut points for BMI. For example, cut points ranging from 19 to 22 kg/m 2 have been proposed for classification of overweight in adults with SCI, reduced from the standard cut point of 25 kg/m 2 used in able-bodied adults. 23, 24 Similarly, McDonald et al. 24 found that a BMI of 19 kg/m 2 most optimally classified central obesity in a sample 'of children and adolescents ages 10Y21 yrs with SCI. Other researchers have proposed replacing BMI
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with measures such as neck circumference or algorithms using limb length-to-weight ratios to estimate adiposity risk in youth with disabilities. 25Y27 To determine the most appropriate method for assessing adiposity risk in children with physical disabilities, there is a need to explore a range of surrogate measures as well as the classification standards for each of these measures.
The purposes of this exploratory study were (1) to assess the accuracy of a group of clinical surrogate measures, including BMI, waist circumference, limb circumferences, and triceps skinfolds, at predicting adiposity when compared with a criterion standard of body fat percentage measured by DXA, and (2) to determine the most appropriate cut points for classifying obesity for each of these surrogate measures in a group of nonambulatory adolescents.
METHODS
There were 29 male and female participants, aged 14 to 17 yrs, with SCI, spina bifida, or cerebral palsy recruited from Shriners Hospital for Children, Chicago. Eligibility criteria for enrollment included (1) use of a manual or power wheelchair as primary mode of ambulation and (2) ability to obtain an accurate measure of height (i.e., no major contractures, defined as shortening of the muscletendon structure with decreased joint angle to the extent that legs were prevented from straightening in supine position). Research team members located at Shriners Hospital coordinated participant recruitment. Prospective participants within the targeted age and disability groups were identified and their physicians informed the prospective participant and his or her parent or caregiver about the study. If the participant/parent or caregiver expressed interest in participating in the study, the project coordinator was contacted to begin consenting procedures. All data collection took place at the hospital in conjunction with scheduled patient appointments. Before the scheduled appointment, participants were instructed to wear or bring light clothing (e.g., tee shirt and shorts) to facilitate taking physical measurements. The University of Illinois Chicago and Rush University Institutional Review Boards approved this study and all related protocols. All parents of participants gave written informed consent and all participants gave written assent before enrollment.
Measures Height
Height was measured with an inelastic measuring tape with participants in a supine position on a firm flat surface. Legs were fully extended and straightened against the mat whereas arms were relaxed at the sides. Height was recorded to the nearest 0.1 cm.
Body Weight
Participants were weighed with minimal clothing on an electronic wheelchair scale (Tronix Inc, Wheaton, IL) calibrated for accuracy to within 0.1 kg. Each participant_s chair was weighed and body weight was calculated by subtracting the weight of wheelchair from the total weight. Weight was recorded to the nearest 0.1 kg.
Body Mass Index
BMI was computed as kilograms per meter square using data from the participant_s height and weight. 28 
Circumferences
Waist circumference, upper arm length and circumference, and upper leg length and circumference measurements were measured with a nonelastic tape measure using procedures from the National Health and Nutrition Examination Survey (NHANES) 29 guidelines. Waist circumference was measured at the uppermost lateral border of the iliac crest. Upper arm length was measured from the posterior border of the acromion process to the tip of the olecranon process. The midpoint of the upper arm was marked during the measurement and the circumference was measured at this point. Upper leg length was recorded with participants seated. The distance from the inguinal crease to the distal end of the femur was measured. The midpoint of the upper leg was marked during the measurement and the upper leg circumference was measured at this point.
Triceps Skinfolds
Triceps skinfold measures were recorded by a trained tester using a Harpenden skinfold caliper on both triceps. Measurements were recorded using the procedures established in NHANES. 29 Skinfold measures of both arms were averaged and recorded to the nearest 0.1 mm.
Dual-Energy X-ray Absorptiometry
DXA measurements of participants_ total and regional fat and lean mass were obtained with a Lunar DPX-L scanner (software ver. 1.3z; Lunar Corporation, Madison, WI). All DXA scans were completed on the same scanner with the same software by a certified technician who was experienced in testing children and adults with physical disability. Total body fat percentage was calculated as [Fat Tissue Mass/(Fat Tissue Mass + Lean Tissue Mass + Bone Mineral Content)] Â 100. Although there are currently no standard clinical cut points for defining obesity by percentage of body fat among children and adolescents, various studies have reported that obesity levels of 20%Y35% in male participants and 30%Y40% in female participants are optimal for classifying obesity in this group. 24,30Y33 The authors chose a conservative obesity classification measure of greater than or equal to 30% body fat for male participants and greater than or equal to 35% for female participants.
Statistical Analysis
Descriptive statistics including frequency distributions, means, and standard deviations were calculated for participant characteristics. The authors used Pearson correlations to assess the correlation between percentage of body fat measured by DXA and each of the clinical measures. The authors used multiple linear regression models to estimate the coefficient of determinations (R 2 ) of each clinical measure for predicting percentage of body fat measured by DXA after adjusting for age, sex, disability type, and wheelchair type as covariates. These coefficients of determination can be interpreted as measures of in-sample predictive accuracy or explained variation. The authors used receiver operating characteristic (ROC) curves to identify optimal cut points for the clinical measures. ROC curves were generated for male and female participants separately for each of the clinical measures to identify participants with obesity measured by DXA. The value of each clinical measure that produced the best combination of sensitivity and specificity was selected as the optimal cut point.
RESULTS
Twenty-nine participants were included in the analyses. Participant characteristics are presented in Table 1 , along with the range of means from a national sample of children in this age range, derived from published NHANES analyses. 34Y36 Mean (SD) age of participants in this study was 15.97 (1.18) yrs. Most participants (72%) had an SCI and used manual wheelchairs. Mean (SD) BMI of the sample was 22.43 (6.39) kg/m 2 and mean (SD) body fat percentage was 33.43% (10.97%). As noted in Table 1 , the height, weight, and limb circumferences of this sample were below the range of means reported for children in this age group by NHANES. BMI was on the low end of the range reported by NHANES. Body fat percentage, waist circumference, and triceps skinfolds were all on the upper end of the range or above the range of means reported by NHANES.
All clinical measures were significantly correlated with percentage of body fat as measured by DXA. The two strongest correlations were BMI (r = 0.73, Measures of Obesity in Adolescents with Disability P G 0.001) and waist circumference (r = 0.71, P G 0.001), followed by leg circumference (r = 0.68, P G 0.001), triceps skinfold (r = 0.62, P G 001), and arm circumference (r = 0.53, P = 0.003).
Regression analyses were performed with each clinical measure separately. The resulting models indicated that all clinical measures significantly predicted body fat as measured by DXA (BMI: R 2 = 0.67, P G 0.001; waist: R 2 = 0.69, P G 0.001; triceps skinfold: R 2 = 0.51, P = 0.002; arm circumference: R 2 = 0.54, P = 0.001; leg circumference: R 2 = 0.60, P = 0.001). No covariates were significant in the models including BMI, triceps skinfold, or leg circumference. Sex was the only significant covariate in the waist circumference and arm circumference models.
Sex-specific ROC curves were generated to determine the optimal cut points for each of the clinical measures corresponding to percentage of body fat measured by DXA. The sensitivity and specificity values for observed values are shown in Table 2 . The sensitivity using current BMI values that equate to the current cut point of greater than or equal to the 95th percentile for this age group (BMI range of 26Y29.6 kg/m 2 ) was low, ranging from 0 to 0.15. The BMI cut points that maximized sensitivity and specificity were 20 kg/m 2 for boys and 19 kg/m 2 for girls. The area under the curve for models with categorical BMI cut points of 20 kg/m 2 and 19 kg/m 2 was 0.84 for boys and 0.84 for girls, respectively. These BMI cut points fall at or below the 50th percentile for both boys and girls 14Y17 yrs old. The cut points that maximized sensitivity and specificity for waist circumference were 83 cm for boys and 78 cm for girls. The area under the curve for a model with categorical waist circumference with these cut points was 0.74 for boys and 0.76 for girls. The optimal cut point for triceps skinfold was 21 mm for boys and 16 mm for girls. The area under the curve for these models was 0.64 for boys and 0.63 for girls. The optimal cut points for arm circumference were 23 cm for boys and 25 cm for girls. The area under the curve for these models was 0.60 for boys and 0.83 for girls. The cut points that maximized sensitivity and specificity for leg circumference were 33 cm for boys and 42 cm for girls. The area under the curve for these models was 0.59 for boys and 0.83 for girls.
Body fat percentage measured by DXA indicated that 35.3% of boys and 58.3% of girls in this sample were obese (Fig. 1) . The current BMI cut point of greater than or equal to the 95th percentile classified 5.9% of boys and 41.7% of girls in the sample as obese. Using cut points of 20 kg/m 2 for boys and 19 kg/m 2 for girls increased the obesity classification to 58.8% in boys and 58.3% in girls. Using a waist circumference cut point of 83 cm for boys and 78 cm for girls, 35.3% of boys and 50% of girls were classified as obese. Using triceps skinfold cut points of 21 mm for boys and 16 mm for girls, 64.7% of boys and 75% of girls were classified as obese. Arm circumference cut points of 23 cm for boys and 25 cm for girls classified 70.6% of boys and 58.3% of girls as obese. Leg circumference cut points of 33 cm for boys and 42 cm for girls classified 88.2% of boys and 50% of girls as obese.
DISCUSSION
This exploratory study examined the validity of commonly used clinical surrogate measures of obesity risk including BMI, waist circumference, limb circumferences, and triceps skinfolds when compared with a criterion standard of body fat percentage measured by DXA. Individuals in this study_s sample were at or below national means for height, weight, and limb circumference but above national means for waist circumference, triceps skinfold measures, and percentage of body fat measured by DXA. These results highlight the disproportionally high levels of adiposity for body size commonly seen in children with physical disabilities.
Results indicated that all clinical measures were significant predictors of body fat percentage, with BMI and waist circumference displaying the strongest associations with DXA. This indicates that these clinical measures are not inappropriate for estimating adiposity-related risks in children with mobility limitations, but that disability-specific cut points are needed to accurately classify risk of obesity in this group.
BMI is the most commonly used clinical surrogate measure for determining obesity risk in children and adolescents because of its low cost and ease of use. Although it continues to be considered a key clinical benchmark in pediatric care, an increasing focus on the limitations of this measure has evolved in recent years. Although some research has found BMI to be superior to other clinical measures, more recent studies have found newer clinical proxies such as waist circumference and waist circumference-to-height ratios to better predict adiposity-related risk in nondisabled children. 37Y41 Reported correlations between BMI and body fat percentage measured by DXA vary from r = 0.67 to r = 0.79. 37, 38 In a sample of 198 nondisabled children and adolescents ages 5Y19 yrs, Pietrobelli et al. 41 found BMI to be strongly associated with body fat percentage as measured by DXA (R 2 = 0.63 for boys and 0.69 for girls). This study found similar results, further indicating that BMI may be a viable option for assessing adiposity risk in adolescents with mobility limitations, but adapted classification standards of overweight and obesity should be defined for this group.
In the only known previously published study on classification of BMI in children and adolescents with physical disabilities, McDonald et al. 24 found a BMI of 19 kg/m 2 to best classify obesity in a sample of youth with SCI aged 10Y21 yrs. Although the current findings of a cut point of 20 kg/m 2 for boys and 19 kg/m 2 for girls are similar, this study adds to McDonald et al._s work by further narrowing the age range of the sample and by offering sex-specific analyses. Given the growth and change in body composition that occurs during childhood and adolescence, it is necessary to have sex-and age-specific cut points for determining obesity risk rather than using one standard BMI value as used in adults. Although the current sample is too small to develop age-specific percentiles, this study narrowed the age range to 3 yrs. Despite the limitation of sample size, it is apparent from both the current findings and the findings of McDonald et al. that adiposity is prevalent at lower BMIs for adolescents with disabilities. Based on the current findings, obesity treatment strategies or clinical advice for youth with physical disabilities may need to start at a BMI above the 50th percentile instead of the currently established cut point of the 95th percentile. Although more research with a larger sample is needed to confirm these findings, the fact that the 95th percentile results in gross underreporting in this population warrants continued investigation of appropriate cutoff values for treatment. At the very least, children with mobility limitations who fall in the 50th percentile or higher should have a follow-up evaluation (e.g., DXA) or another measure of adiposity.
To the authors_ knowledge, this is the first study to examine potential cut points for waist circumference, triceps skinfold measures, and limb circumferences in adolescents with mobility limitations. Aside from BMI, waist circumference displayed the strongest relationship to body fat percentage of all the clinical measures. Waist circumference has been found to be a more accurate predictor of central adiposity than BMI in both nondisabled and disabled populations, making it an important clinical marker of obesity-related disease risk. Although cut points have been established for adults, cut points for defining obesity risk using waist circumference in children and adolescents have not been fully developed. Two studies, however, did find an association between waist circumference and adiposity in children. 42, 43 Maffeis et al. 42 found that children with a waist circumference at or above the 90th percentile had significantly more risk factors for cardiovascular disease than children below the 90th percentile. Sarría et al. 43 recommended that waist circumference at or above the 70th percentile be considered as at risk for obesity. Similar to results of BMI analyses, the findings of this study indicate that a slightly lower waist circumference cut point is potentially appropriate for adolescents with mobility limitations, as the suggested cut points of 83 cm for boys and 78 cm in girls correspond to the 50th to 75th percentile range based on age and sex. A key limitation to implementation of waist circumference, limb circumferences, or triceps skinfold is not only the lack of validated cut points but also the lack of standardized protocols and potential for variability in measurement. Given these limitations, these measures are not commonly used in clinical settings. More research is needed to both validate the cut points established in this study and standardize clinical protocols that would make these measures more reliable in a clinical setting.
The limitations of this study should be noted. The small sample size limits the ability to determine the ideal balance of sensitivity and specificity for all measures. For example, the BMI cut points of 20 kg/m 2 for boys and 19 kg/m 2 for girls identified 58.8% of boys and 58.3% of girls in the sample as obese. These rates are much closer to those identified by DXA than the current BMI cut points of greater than or equal to the 95th percentile, where only 5.9% of boys and 41.7% of girls in the sample were classified as obese. The BMI cut points found in the ROC curve analysis classified the same percentage of girls as obese as DXA (58.3%) but overestimated obesity in boys. Similar overestimation was seen in boys in all other measures except waist circumference, and in triceps skinfolds in girls. This overestimation is partly attributed to the limited number of observed values included in the analyses. Additional research with larger samples is needed to further refine these cut points. Additionally, the sample in this study included only three types of disabilities. More research is needed in other disability groups to fully understand the impact of disability type on measurement of body composition.
Measurement of height, and therefore BMI, is inherently difficult in children with mobility disabilities due to contractures, spasticity, and muscle atrophy. Similarly, protocols for measuring waist circumference have not been extensively validated for use in this group. Research protocols such as those used in this study increase the validity of these measures, but they may be difficult to replicate in a patient care setting given time constraints and lack of provider training on these protocols. Additional research is needed to develop standardized protocols with increased validity and reliability for collecting accurate assessments of obesity risk in clinical settings, as well as to standardize training resources for clinicians and other health care providers collecting these measures.
The poor sensitivity of the current cut points of BMI for identifying adiposity risk in children with mobility limitations presents substantial underdiagnoses of adiposity risk in this group. Children and adolescents with mobility limitations are at increased risk for obesity; however, the prevalence of this risk cannot be fully understood until there is a classification system that accurately captures weight status in this population. This study identified cut points of BMI, as well as four other measures that may be of clinical value. More research is needed to further validate these findings and refine these cut points for the development of disability-specific obesity classifications, which will allow clinicians to better identify children at risk of adiposity-related diseases and offer parents preventive strategies to improve the health and quality-of-life of their children.
